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Abstract: Misfit-layered Ca3Co4O9 as a p-type semiconductor, is difficult to commercialize due to its 
relatively poor performance. Here, Ca2.7-xLaxAg0.3Co4O9/Ag composites prepared by spark plasma sintering 
were systematically investigated in terms of La
3+
 dopant levels and nano-sized Ag compacts. Multiscale 
microstructures of stacking fault, dislocation, and oxygen vacancy-linked defects could be recognized as an 
effective strategy for tuning the transport of charge carriers and phonons scattering. An increasing 
concentration of charge carriers was caused by the introduction of nano-sized Ag particles at the grain 
boundary. The multiscale structural defects served as phonon scattering centers to reduce thermal 
conductivity. Finally, the Ca2.61La0.09Ag0.3Co4O9/Ag sample exhibited a maximum ZT of 0.35 at 1073 K. The 
results suggest that the interplay of structural defects provides an impetus for a huge improvement in 
thermoelectric performance. 
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1. Introduction 
The growing need for renewable energy has stimulated research interests in thermoelectric generators 
due to their ability to generate electricity from waste heat directly and vice versa [1]. Thus, thermoelectric 
(TE) materials have received a great deal of attention and their efficiency is determined by the dimensionless 
figure of merit (ZT) of the materials, ZT= (S
2
·T)/(ρ·κ), where ρ, S, κ, and T are the electrical resistivity, 
Seebeck coefficient, total thermal conductivity, and absolute temperature in Kelvin, respectively [2-4]. It can 
be seen that it is necessary to increase the transport of charge carriers and suppress thermal conductivity in 
order to achieve the high thermoelectric performance [5, 6]. 
Recently, Ca3Co4O9 (abbreviated as CCO) has been used in a very broad and versatile range of 
applications, outperforming many other oxides due to its excellent oxidation resistance and low toxicity 
superiorities [7-9]. However, its limited thermoelectric properties may not meet the requirements in various 
applications. Rare earth element doping is an effective way to introduce a level of impurities and then 
enlarge the effective mass of the charge carrier [10-13]. Especially, the La
3+
 would be positive to reduce the 
phonon thermal conduction by its doping producing point defects to promote phonon scattering. Meanwhile, 
it is meaningful on electrical properties of CCO due to it has different electronic configurations from Ca
2+
. 
Spark plasma sintering (SPS) process has received considerable attention in the fabrication of textured 
ceramics with high densities [14-16]. Furthermore, it may be reasonable to composite metallic silver (ρ= 
1.58×10
-3
 mΩ·cm) due to its excellent electrical conductivity [17]. A strategy combining metallic 
nanoparticles with rare earth ions may be a good choice for tuning structural defects of CCO ceramics [18, 
19]. In previous work, silver was introduced into the lattice of CCO and a proper amount of nano-sized Ag 
inclusions were added into the matrix, resulting in an increment of electrical conductivity because of the 
silver acting as a bridge provided a channel path for the charge carrier between grains [20-22]. Totally, it 
would be proposed that the multiscale structural defects originated from the doping and the composites are 
responsible for the high performance of thermoelectric materials. 
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In this paper, La
3+
 partial substitution textured composites with incorporated silver were prepared using 
SPS/annealing technology to optimize the thermoelectric responses. La
3+
 as the impurity level induced spin 
entropy fluctuation and the nano-sized Ag inclusions located at the grain boundary formed a bridge for 
charge carriers. The dislocation and vacancy-linked defects severely affected the transport of charge carriers. 
Stacking faults as phonon scattering centers could enhance phonon scattering and reduce the thermal 
conductivity. The maximum ZT value of 0.35 at 1073 K was obtained for the x= 0.09 sample due to the 
interplay of multiscale structural defects. It is possible to improve the thermoelectric behaviors by tuning the 
associativity of the structural defects. 
2. Experimental procedure 
Samples with different chemical compositions of Ca2.7-xLaxAg0.3Co4O9/10 wt% Ag (x= 0.03, 0.06, 0.09, 
and 0.12) were prepared using SPS/annealing process. The raw materials CaCO3 (99.9%), Co3O4 (99.9%), 
AgNO3 (99.9%), and La2O3 (99.7%), based on the designed stoichiometric ratios, were thoroughly ground 
for 12 h in the ball miller and then dried at 323 K for 8 h. After that, the mixtures were calcined at 1123 K 
for 10 h in a muffle furnace. Subsequently, the calcined powders were ball milled and dried again with 
nano-sized Ag (99.9%, average particle sizes of 30 - 50 nm) particle additives. Pellets were pressed with 
dimensions of Φ20 mm×4 mm under an axis pressure of 50 MPa, heated to 1173 K for 5 min using SPS 
equipment, and then heat-treated at 1123 K for 10 h in a tube furnace accompanied with a flow of oxygen. 
All the samples were polished into rectangular bars (15×4×3 mm
3
) and pellets (Φ12.7×2 mm
2
). 
Phase compositions were identified from the powders using X-ray diffraction (XRD, Panalytical X'Pert 
PRO; Holland) using Cu Kα radiation over a 2θ range of 5-60° (0.02 s/step). Scanning electron microscopy 
(SEM, Quanta 600 FEG; USA) was used to observe the fractured morphology and element distribution. 
Scanning transmission electron microscopy with a high-angle annular dark field image (HAADF-STEM, 
FEI Talos F200X; USA) was performed for further study, and the TEM samples were fabricated using the 
conventional ion-cutting method using the precision ion polishing system (PIPS, Gatan 691; USA). The 
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surface chemistry states were characterized by X-ray photoelectron spectroscopy (XPS, Kratos Axis Supra; 
Japan) using Al Kα radiation. The energy scale was calibrated by assigning 284.8 eV to the C 1s peak. The 
lattice dynamics were investigated through Raman scattering using a micro-Raman spectrometer (Raman, 
Alpha 300R; Germany). Bulk densities for the composites were measured using the Archimedes principle 
(ISO5018: 1983). A Hall test was carried out through a four-probe configuration with a magnetic field 
sweeping between ± 4 T at room temperature. The concentration (n) and Hall mobility (μ) of charge carriers 
were calculated from the Hall coefficient. Electrical resistivity and Seebeck coefficient were assessed 
between 323 K and 1073 K using a thermoelectric testing system (LSR-3/1100; LINSEIS, Germany) in a 
high-purity helium atmosphere. The total thermal conductivity was calculated through κ=λ·ρ0·Cp, where λ, 
ρ0, and Cp are thermal diffusion coefficient, bulk density, and specific capacity, respectively. λ and Cp were 
obtained using a laser flash apparatus (LFA427; NETZSCH, Germany) in an argon atmosphere. The 
electrical resistivity, Seebeck coefficient and power factor for the samples were parallel to the pressuring 
direction. Meanwhile, the thermal conductivity was perpendicular to the pressuring direction. 
3. Results and discussion 
Figure 1 shows the XRD patterns for the textured composites. All the obtained data were compared to 
the standard data (PDF#21-0139, PDF#87-0717) [23]. The main diffraction peaks corresponded well to the 
monoclinic Ca2.7-xLaxAg0.3Co4O9 phase (the space group symmetry is C2/m). A minor secondary phase of 
silver was survived. In Figure 1 (a), it is interesting to note that the (00l) peaks were found and all diffraction 
peaks were sharp shapes, indicating the good crystallinity of the CCO phase. The composites preferred to 
the obvious grain orientation along (00l) planes due to the inherent misfit-layered crystal structure and SPS 
process. Furthermore, the intensity characteristic peaks for the samples parallel to the pressing direction 
were severely weakened except for the metallic Ag peak, as shown in Figure 1 (b). The Lotgering factor (F) 
was evaluated from the XRD patterns within the intensity of the (00l) planes and calculated using the 
following equations [24, 25]: 
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𝐹(00𝑙)  =  
𝑃−𝑃0
1−𝑃0
                                   (1) 
 𝑃0  =
𝐼0(00𝑙)
∑ 𝐼0(ℎ𝑘𝑙)
                                     (2) 
𝑃 =  
𝐼(00𝑙)
∑ 𝐼(ℎ𝑘𝑙)
                                      (3) 
where ∑I0 (hkl) and ∑I (hkl) are the sum of intensity for the composites and the standard PDF card, 
respectively. Table 1 presents the F values with the increasing of the La
3+
 dopant levels. It can be seen that 
the textured composites could be obtained and a small fluctuation of the F values was observed. The F for 
the x= 0.09 sample reached 0.663. 
To illustrate the microstructural evolution and the degree of texturing, Figure 2 shows the fractured 
morphology and grain orientation histogram of textured composites. The lamellar structure and a few pores 
of all the composites were observed. The average grain sizes reached approximately 7.5 - 9 μm. In addition, 
the most highly oriented polycrystalline suggested that particle agglomeration took place. Table 1 shows the 
outstanding bulk densities. The relative densities were beyond 96% for all the samples due to the aggregated 
arrangement of the platelet-like grains. Figure 2 (I1)-(I4) conceives that the grain orientation was an 
essential prerequisite for accelerating the evolution of the textured composites. Since the grain orientation 
and the high dense grain boundaries of the submicron-grained structure in the bulks were found, the 
excellent thermoelectric performance might be presented in the composites. 
Figure 3 shows the backscattered electron (BSE) images and EDX mappings for the x= 0.09 sample. 
The metallic Ag inclusions and the thermoelectric phase were detected in the bulks. A part of the metallic Ag 
aggregated between the lamellar grains and the Ca, Co, O, Ag, and La elements homogeneously distributed, 
as shown in the elemental mappings (Figure 3 (c) - (h)). The schematic diagram of Ag-rich inclusions in 
Figure 3 (d) reveals that the survived metallic Ag was located at the grain boundaries in the matrix. It can be 
seen that a bridge of silver was formed and it provided the channel path for charge carriers. 
TEM was performed to provide a clearly illustration into the effects of multiscale structural defects. 
Figure 4 shows that the nano-lamella twin crystal structures with the zone axis of (00l) planes, which were 
observed through the bright field-scanning TEM (BF-STEM) image. A nano-lamellas phase with grain sizes 
of 30 nm - 150 nm in the thickness exhibited an obvious ab-plane orientation, and the different stacking 
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structures were presented. Figure 4 (b) shows the detailed grain arrangements of these stacking faults. It was 
much different compared with the normal grain boundary. Furthermore, the dislocations regarded as linear 
defects would be induced between the distorted regions and the matrix, leading to a significant contribution 
of phonon scattering. It was interesting that the clear and clean small-angle grain boundary with the c-axis 
misorientations (about 8
º
) was located between the two grains. The selected area electron diffraction (SAED) 
and HAADF image were conducted. A SAED pattern along the [00l] zone axis was collected to reflect the 
single-crystal characteristic of the CALC, which was the monoclinic structure with the space group of C2/m 
[26]. The HAADF image provided the evidence of stacking faults. To obtain the distribution of the chemical 
elements, the EDX elemental mappings were implemented. This clearly demonstrated that the elements 
homogeneously distributed. Ag and La elements diffused into the matrix, suggesting that they were 
successfully introduced into the lattice. The accurate stoichiometric ratios of 16.3%, 21.7%, 57.4%, 3.1%, 
and 1.5% could be acquired for Ca, Co, O, Ag, and La, respectively consisting of the formula of the x= 0.09 
sample. 
Figure 5 shows the high-resolution transmission electron microscopy (HRTEM) images, which were 
employed to analyze the presence of the Ag inclusions at the grain boundary. Nano-dimension grain 
boundary was observed and the segmental Ag inclusions aggregated, playing a major role in improving 
thermoelectricity. The HAADF-STEM results showed that the lattice parameters for the matrix and the 
metallic Ag along the (004) and (111) planes matched well with XRD data, suggesting that no other phase 
was indexed in the textured composites except for the silver. The SAED of the [00l] zone axis are presented 
in Figure 5 (d) and (e), and the CALC matrix showed the multiple-crystal feature with small-angle 
difference among particles. Therefore, it can be seen that the Ag
+
 was introduced into the crystal lattice, and 
the metallic Ag was survived at the grain boundary, which was regarded as submicron scale defect. A closer 
inspection of the forming arrays indicated that they could scatter long-wavelength phonons together with 
point defect scattering through silver incorporation, which was beneficial for the reduction of lattice thermal 
conductivity [27-29]. Furthermore, Figure 6 presents the HRTEM with the structural defects aligned with the 
[00l] zone. In Figure 6 (a), the element deficiencies in the normal lattice showed that the oxygen 
vacancy-linked defects generated due to the La
3+
 entering the Ca
2+
 sites. Meanwhile, the dislocation lines 
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 co-substitution. Thus, multiscale structural defects involving the stacking fault, Ag 
inclusions at the grain boundary, dislocation, and oxygen vacancy-linked defects were formed in the 
composites, which played an important role in the transport of the charge carriers and phonon scattering 
centers. It is readily seen that the dislocation and oxygen vacancy-linked defects were abundant nanoscale 
and atomic scale distortions, respectively. 
Table 2 provides the electrical transport parameters for the concentration and mobility of the charge 





suggesting that they belonged to the semiconductor. With an increase in the La
3+
 dopant levels, the hole 
concentration gradually decreased and then slightly increased due to the La
3+
 substitution for Ca
2+
. The 









 ions simultaneously introducing into lattice could balance the concentration of charge carriers. 
Meanwhile, the inversed trend of the mobility presented, resulting in the increment of the effective mass of 
the charge carrier. Compared with the samples prepared using the solid-state reaction method, the 
concentration and mobility were largely elevated because of the high bulk density and texturing evolution in 
the composites. 
Figure 7 (a)-(d) presents the temperature dependence of electrical resistivity, Seebeck coefficient, 
power factor, and the Ln(T/ρ)-T relationship for textured Ca2.7-xLaxAg0.3Co4O9/Ag composites. ρ increased 
firstly and then decreased with the increase in the measured temperature. It is worth noting that the metallic 
conduction characteristic occurred below 573 K and the metal-to-semiconductor transition for all the 
samples took place due to the formation of small polarons. However, the ρ of the x= 0.12 sample at room 
temperature reached 2.9 mΩ·cm and then decreased to 2.1 mΩ·cm at 1073 K. ρ values greatly decreased in 
comparison to the sample prepared with the solid-state reaction. It can clearly be inferred that there were 
three reasons for the decrease in electrical resistivity. Firstly, according to the compensate mechanism of the 
charge carrier, the substantial concentration of charge carriers was boosted due to the La
3+
 as the donor 
replacing the Ca
2+
. Secondly, the bridge of the hole conduction was formed, accompanying the aggregation 
of metallic Ag inclusions at grain boundary, and provided the channel path of the charge carrier due to its 
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low work function (4.26 - 4.9 eV) [30]. Figure S1 gives the full XPS survey spectra and the resolution of the 
Ag 3d spectra. XPS provided the evidence of silver incorporation due to the XPS fitting results, and the 
contents of metallic Ag and lattice Ag
+
 are shown in Table S1. In particular, the Ag inclusions promoted 
hole scattering, resulting in inherently high mobility. In order to demonstrate the effect of the structural 
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OO
𝑥 → VO
·· + 2e′ +
1
2
O2                                     (6) 
where e, a, A, C, Ea and 𝑘B are the charge on an electron, hopping distance, pre-exponential term related to 
the scattering mechanism, constant, activation energy, and the Boltzmann’s constant, respectively. After that, 
the reduction of the oxygen vacancy for the x= 0.09 sample was obtained from the high-resolution O 1s 
spectra (as presented in Figure S2). It showed a proper explanation for the increment in electrical 
conductivity, corresponding well to the oxygen vacancy-linked defects in HAADF-STEM. With the increase 
in the La
3+
 dopant levels, the characteristic peak for the oxygen lattice shifted to the high binding energy due 
to the weakly bound electrons generated to slow the excitation of O inner electrons near the substitution 
position. The binding energy of inner electrons was strengthened [33]. Table S1 presents the ratios of lattice 
oxygen (Olat), absorbed oxygen (Oabs), and oxygen vacancy (Ov). Integration of these three peaks for the x= 
0.09 sample yielded ratios of 52.0%, 30.6%, and 17.4%, respectively. 
Figure 7 (b) depicts the S values across the whole temperature range. The S values were positive for all 
the composites, indicating the p-type semiconductors. It can be seen that the S emerged as a promising 
direction, firstly with the increasing La
3+
 dopant levels, before decreasing (x﹥0.09). The S value of 120.5 
μV/K at 1073 K was achieved for the x= 0.09 sample. The results of Seebeck coefficient (S) could be 
explained by the concentration and the effective mass of the charge carrier. S was predicted through equation 
[34]: 









)2/3                              (7) 
where 𝐹1 2⁄ (𝜂), ℎ̅, η, and 𝑚𝐷𝑂𝑆
∗3/2
 are the 1/2 order Fermi integral, Planck constant, reduced chemical 
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potential Fermi energy, and effective mass, respectively. It could be inferred that the enhancement of the S 
value took place with the reduction of the concentration of charge carrier and the increment of 𝑚𝐷𝑂𝑆
∗3/2
, which 
was positive at the La
3+
 dopant levels. According to the Heikes equation [35], the contribution of spin 













)]                               (8) 
where 𝜇0  and x are the chemical potential and the concentration of Co
4+
, while g3 and, g4 are the 




, respectively. The g3/g4 ratio was related to the different spin 
states: low-spin (LS), intermediate-spin (IS), and high-spin (HS) states of the cobalt ions [35]. Based on 
equation (8), the S was influenced by the large electronic correlations and spin entropy. The increasing S 
from spin entropy was of the order kB/e, but it was suppressed to zero if the spin degeneracy was lifted in a 
magnetic field (gs→1) [35]. This contribution of spin entropy could be enhanced with an increase in Co
4+
 
degeneracy and a decrease in concentration of Co
4+
 [36]. Figure S3 (a) shows two spin-orbital doublets of 
the high-resolution Co 2p spectra. The relative Co
3+
 content ranged from 39.2% - 44.6%, as shown in Table 
S1. With the increasing of La
3+
 dopant levels, the Co
3+
 increased and confirmed that the most Co
3+
 was 
already in the IS state due to the transport of charge carriers depending strongly on the spin state of Co
3+
. 
Figure S3 (b) shows the spin-state transition scenario, which was compatible with the electrical and thermal 
transport behaviors, and could clarify the observed unusual thermoelectricity response at room temperature. 
The calculated power factors (PFs) are also included in Figure 7. Taking into account the electrical 
resistivity and Seebeck coefficient, the maximum PF value of 0.65 mW/(m·K
2
) at 1073 K was obtained for 
the x= 0.09 sample. Figure 7 (d) shows the relationship between Ln(T/ρ) and T. The activation energy was 
estimated using the Pisarenko curve, suggesting the presence of the enhancement in the transportation of the 
charge carrier [37]. 
Figure 8 shows the thermal transport properties of the Ca2.7-xLaxAg0.3Co4O9/Ag composites. Along with 
the increase in measured temperature, the total thermal conductivity (κtot) decreased from 2.22 W/(m·K) at 
RT to 1.82 W/(m·K) at 1073 K, which were obtained from thermal diffusivity coefficient and specific heat, 
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as shown in Figure S4. Temperature dependent lattice thermal conductivity (κl) and electronic thermal 
conductivity (κe) were calculated using the equations [38-40]: 
κl= κtot﹣κe                                      (9) 
 κe= LT/ρ                                       (10) 




. In Figure 8 (b), the extremely low lattice thermal 
conductivity could be obtained due to a wide range of multiscale structural defects that contributed to heat 
conduction, including vacancy-linked defects, dislocation, Ag inclusions at grain boundaries, and stacking 
faults. The point defect scattering gave rise to a fluctuation of the effective mass and the enhancement of the 
phonon-phonon scattering. Furthermore, the promising phonon transport behaviors for the reduction of 
thermal conductivity were also ascribed to Ag inclusions at grain boundaries and stacking faults, which 
originated from the anisotropic layered structure. In particular, the different scattering centers from the 
nano-sized Ag inclusions (NP), dislocation (D), grain boundary (B), stacking fault (SF), and point defects 
(PDs) in this system promoted multiscale scattering of a wide spectrum of lattice phonons [41, 42]. The κl of 
1.75 W/(m·K) for the x= 0.09 sample was about 13% lower than others at 1073 K. The κe values went up 
and down from each other because of it being a negligible parameter, suggesting that the κtot was dominated 
by the lattice thermal conductivity. Figure 8 (d) shows the solid lines fitted by the Debye-Callaway model, 
which are used to estimate the effect of the La
3+
 dopant levels on κl at different measured temperatures [32]. 
With an increase in temperature, the effect of the multiscale defects was increasingly apparent. Considering 
the stacking fault scatters strongly for the long- and middle-wavelength phonons, and strong vacancy-linked 
defects scatter for short-wavelength phonons, the lowest κl of 1.70 W/(m·K) at 1073 K could make clear for 
the x= 0.12 sample. 
The Raman vibration of the composites was implemented at room temperature, as shown in Figure S5. 
Each spectrum contained the seven Raman characteristic peaks, located at P1= 155.1 m
-1





, P4= 359.3 m
-1
, P5= 466.3 m
-1
, P6= 539.4 m
-1
, and P7= 615.4 m
-1
, respectively [43]. Figure 
S5 (b) shows the shifting of the Raman characteristic peaks. The P1 represented the vibration of a Ca atom, 
and P2~P7 represented the vibration peak of an O atom. The P1 peak moved to a low wavenumber with an 
increase in the La
3+
 dopant levels due to the lanthanum is heavier than calcium. Meanwhile, the vibration of 
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the O atom occurred in the high wavenumber region. According to the harmonic vibration formula, the A1g 
mode and E1g mode associated with the Co-O stretching vibration and the planar O-O vibration was affected 
by oxygen vacancy-linked defects and strain effects [44]. 
Figure 9 (a) shows the ZT values calculated using the electrical and thermal transport properties for 
Ca2.7-xLaxAg0.3Co4O9/Ag composites. With the increase in the La
3+
 dopant levels, the ZT values for all the 
composites increased monotonically, which was mainly caused by the aggregation of vacancy-linked defects 
into arrays and the Ag inclusions at the grain boundary. The maximum ZT value of 0.35 for the x= 0.09 
sample was obtained at 1073 K. A comparison of the independence temperature ZT values with previous 
work is shown in Figure 9 (b). It can be seen that a relatively high ZT was achieved in this work, which was 
tuned through multiscale structural defects. This result confirms that this structural defect engineering as a 
practicable strategy is effective for improving the thermoelectric performance of CCO bulk ceramics. 
4. Conclusion 
Ca2.7-xLaxAg0.3Co4O9/10wt% Ag (x= 0.03 - 0.12) composites were prepared using the SPS followed by 
annealing. La
3+
 partial substitution and nano-sized Ag compacts were beneficial for controlling multiscale 
microstructures and thermoelectric responses. The significant contributions of the structural defects were 
observed to clearly expound the boosted thermoelectric performance. Introducing Ag inclusions at grain 
boundaries formed channel paths to reduce electrical resistivity. The interplay of the vacancy-linked defects, 
dislocation, and stacking fault can be recognized as an effective strategy to reduce thermal conductivity. A 
change in the ρ value from ~ 2.4 mΩ·cm to ~ 2.1 mΩ·cm with an increase in the La
3+
 dopant levels at 1073 
K was obtained. Moreover, the corresponding κtot decreased from 2.22 W/(m·K) to 1.82 W/(m·K) at 1073 K. 
The ZT value approached 0.35 for the x= 0.09 sample, which was 2.19 times than the pristine CCO sample. 
As a result, structural defect engineering has a greatly positive effect on thermoelectric performance and a 
new approach to CCO materials can be offered through multiscale structural defects. 
Supporting Information: 
Full XPS survey spectra for composites, high-resolution XPS spectra for O 1s and Co 2p, spin-state 
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transition scenario, temperature dependence of thermal diffusivity coefficient and specific heat, Raman 
results, and table of the concentration for different elements coming from XPS fitting results (PDF) 
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Figure 3 BSE images showing elements distribution and Ag inclusions at the grain boundary for the x= 0.09 composite. (a) 
SEM-BSE micrograph, (b) phase overlap, (c) element overlap, (d) Ca mapping, (e) Co mapping, (f) O mapping, (g) Ag 
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structures, (c) SAED pattern along major zone axis, (d) HAADF image, (e) Ca mapping, (f) Co mapping, (g) O mapping, (h) 




Figure 5 HRTEM images for the x= 0.09 composite. (a) HRTEM image with the grain boundary, (b) and (c) enlarged 




Figure 6 HRTEM images with multiscale structural defects for the x= 0.09 composite. (a) [001] zone axis image, (b) and (c) 
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Figure 7 Temperature dependence of the electronic transport properties for Ca2.7-xLaxAg0.3Co4O9/Ag composites. (a) 
electrical resistivity, (b) Seebeck coefficient, (c) power factor, (d) Ln(T/ρ)-T 
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Figure 8 Temperature dependence of the thermal conductivity for Ca2.7-xLaxAg0.3Co4O9/Ag composites. (a) total thermal 
conductivity, (b) lattice thermal conductivity, (c) electronic thermal conductivity, (d) La
3+
 dopant levels dependent κl at 
different temperatures (the solid lines were estimated by the Debye-Callaway model). 
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Figure 9 The ZT values for the CCO-based ceramics. (a) ZT values for the composites, (b) a comparison of previous work 
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